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We study the light matter interaction in WS2 nanotube-graphene hybrid devices. Using scanning
photocurrent microscopy we find that by engineering graphene electrodes for WS2 nanotubes we can
improve the collection of photogenerated carriers. We observe inhomogeneous spatial photocurrent
response with an external quantum efficiency of ∼1% at 0 V bias. We show that defects play an
important role and can be utilized to enhance and tune photocarrier generation.
Heterostructure devices of transition metal dichalco-
genides (TMDCs) and graphene have generated consid-
erable research interest recently because of their supe-
rior optical and electronic properties.[1, 2] The semicon-
ducting nature of TMDCs combined with the presence of
van Hove singularities in their electronic density of states
allows for efficient photon absorption and carrier gen-
eration under optical excitation.[3] Combining this fea-
ture with the high mobility of graphene has led to opto-
electronic studies of heterostructure devices comprising
graphene and single layer TMDCs.[1, 3–7] These devices
have exhibited good quantum efficiency for photocurrent
generation in the visible range. However, the fabrica-
tion of such heterostructures requires multiple exfolia-
tion and transfer steps. TMDC nanotubes[8] represent
another alternative for such applications; nanowires of-
fer an additional advantage because they can enhance
the absorption of light through the formation of optical
cavities[9, 10] and quasi 1D structures are known to en-
hance light matter interaction by virtue of an enhanced
joint density of states (JDOS).[11] Silicon and carbon
nanotubes have been shown to be promising materials
for solar-cell applications.[12, 13] Similarly, TMDC nan-
otubes could also allow for large scale integration of
on-chip optoelectronic elements. In addition, the cur-
vature of the nanotubes can be used to engineer spin
and valley based optoelectronic control in dichalcogenide
systems.[14] Here, we investigate the photoresponse of
WS2 nanotubes with field-effect transistor geometry and
the enhanced photoresponse properties of hybrid devices
of WS2 nanotubes with graphene electrodes. One of the
motivations for using graphene electrodes for the nan-
otube is to modulate the density of carriers in the elec-
trodes and modify the Schottky barrier;[15] the other mo-
tivation is to observe the spatial homogeneity of the pho-
toresponse. We investigate the efficiency of these devices
for photoconversion and attempt to understand the role
of defects in modifying optoelectronic properties.[16]
Prior to studying the hybrid devices, we probe individ-
ual WS2 nanotubes and show that they offer a good op-
toelectronic platform.[17, 18] We used WS2 multiwalled
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FIG. 1. (a) Scanning electron microscope (SEM) image of
a WS2 nanotube (NT) device contacted with gold electrodes.
(Inset) Schematic diagram of the device in field effect tran-
sistor geometry. (b) I-V characteristics of a WS2 nanotube
device measured in ambient conditions at 300 K while ap-
plying continuous illumination from a 532 nm laser over the
entire device area (laser power = 10 µW, gate voltage = 0 V).
nanotubes[8, 19] obtained from NanoMaterials.[20]
Transmission electron microscope (TEM) images of the
nanotubes (see Fig. S1 in supplementary material [21])
reveal that these are multi-walled hollow tubes of 50−200
nm in diameter and have capped, or uncapped ends,
where approximately half the diameter is hollow.[8] The
nanotubes were drop coated on a 300 nm SiO2/Si chip for
device fabrication. Standard electron-beam lithography
techniques were used for device fabrication. Two probe
devices were fabricated by sputtering Au to form metal
contacts on the nanotubes as illustrated in Fig. 1(a). An
in-situ Ar plasma cleaning system was used to remove
resist residues under the electrodes before sputtering the
metal without breaking the vacuum.
Fig. 1(b) shows the I-V characteristics of a WS2 nan-
otube device measured under ambient conditions. We
find that the nanotube forms a Schottky-barrier con-
tact, yielding non-linear current voltage characteristics
because of band offsets of WS2 and gold.[22] Although it
has been reported[19] that similar devices exhibit n-type
behavior, these nanotubes did not exhibit characteristic
n or p-type behavior for a back gate voltage (Vg) of up to
±50 V; this may be attributable to a different extent of
doping compared with previous studies.[19] In the pres-
ence of laser illumination, the device current increased
because of photogenerated carriers in the nanotube. The
measured photocurrent was observed to be as high as 30
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FIG. 2. Photocurrent response of the WS2 nanotube as a
function of the source-drain bias voltage with a gate voltage
of 0 V, a 532 nm laser and 1 µW of power in ambient con-
ditions at 300 K. The applied bias shifts the band bending
resulting in a reversal of the photocurrent. The inset in each
image illustrates tilting of the bands caused by the applied
bias voltage. The arrows denote the current direction in the
device.
nA in a device with an applied bias of 1 V.
To further understand the local nature of the pho-
tocurrent generation in our devices, we used scanning
photocurrent microscopy[23–26] (see Fig. S3(a) in sup-
plementary material [21] for a schematic of the measure-
ment setup). We applied a low frequency (∼ 3 kHz)
modulation to the laser using an acousto-optic modulator
(AOM) and a lock-in technique to detect the photocur-
rent of the devices. From the response of the nanotube
photocurrent to the frequency of modulation of the inci-
dent laser (see Fig. S4 in supplementary material [21])
we deduced a response time of ∼ 0.1 ms for the WS2 nan-
otubes. This result is an improvement compared with the
response times of other few/single layer devices of MoS2
and WS2 reported in the literature[27–29] and is compa-
rable to the projected value for WS2 nanotubes.[18]
The reflected light, incident on the photodetector, was
also measured using a lock-in amplifier, which provided
information regarding the absorption of light by the
material.[30, 31] The map of the reflected light (see Fig.
4) indicates an absorption of ∼ 55% by the TMDC nan-
otube; similar values were obtained for WS2 thin films[32]
with an optical absorption coefficient α = 105 cm−1 (see
the supplementary material [21]).
Fig. 2 presents the photocurrent map of a WS2 nan-
otube device. The electrode positions are outlined us-
ing an overlaid map of the reflected signal. We ob-
serve that the photocurrent is generated only near the
nanotube-metal contact region where the Schottky bar-
rier is present.[7, 24, 33, 34] The photocurrent decays into
the nanotube away from the Schottky-barrier regions be-
cause of carrier diffusion in the nanotube. An exponential
decay function was fitted to the photocurrent profile to
extract information about the minority carrier diffusion
length, LD, in the nanotube.[33, 35] The diffusion length
was found to be 316 nm from the fit (see Fig. S4(a) in
the supplementary material [21]). The diffusion length
is related to the minority charge carrier lifetime, τ , and
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FIG. 3. (a) Optical image of a WS2 nanotube contacted by
graphene electrodes. The slit gap is 1 µm. (b) I-V character-
istics of the device depicted in (a) measured under ambient
conditions at 300 K using continuous illumination from a 532
nm laser over the entire device area (laser power = 10 µW,
gate voltage = 0 V.)
mobility, µ, by the relation LD =
√
kBT
e µτ , where kB is
the Boltzmann constant, T is the temperature and e is
the electronic charge. Using previously reported value of
hole mobility [36] in WS2, we find the carrier lifetime to
be τ = 0.6 ns at room temperature. This result is com-
parable to the carrier lifetimes reported in the literature
for other TMDC systems.[29, 37, 38]
The photoresponse as a function of the bias exhibits
a shift in the photocurrent toward one of the electrodes
with a change in the sign of the bias voltage. The ap-
plied bias voltage changes the Schottky-barrier heights of
the electrodes asymmetrically, evoking a photoresponse
from either end of the nanotube.[39, 40] Photocurrent
maps were also generated as a function of the back gate
voltage. However, similar to the electrical response, the
photoresponse was also observed to be relatively insensi-
tive to the gate voltage.
Combining the strong light matter interaction of the
nanotubes with the superior electrical properties of
graphene offers significant advantages in extraction of the
generated photocarriers. Now we discuss the second de-
vice geometry involving WS2 nanotubes with graphene
electrodes to study the effect on field effect and photocar-
rier collection. The fabrication of these devices involves
electron beam lithography to fabricate a two probe de-
vice out of exfoliated graphene, followed by selective oxy-
gen plasma etching to remove the middle portion of the
graphene device leaving behind a slit. A dry transfer
process is used to place a WS2 nanotube across the slit
in the graphene (see Fig. S5 in supplementary material
[21]). Experiments were conducted using different slit
widths. An optical image of such a device is presented in
Fig. 3(a). The I-V characteristic of the device presented
in Fig. 3(b) demonstrate that the electrical behavior is
similar to that of a two probe WS2 nanotube device[41]
with metal contacts. We also fabricated similar hybrid
devices using exfoliated MoS2 and WS2 nanotubes to ex-
plore photocarrier diffusion[22] at the TMDC junction.
However, unlike the devices with WS2 nanotubes placed
on graphene, the WS2 nanotube with MoS2 electrodes
exhibited poor electrical contact.
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FIG. 4. (a) Reflection (top left) and photocurrent maps of another slit device (slit gap = 500 nm) with varying back gate
voltages obtained using 532 nm laser under ambient conditions at 300 K (bias voltage = 0 V, laser power = 1 µW). The
photoresponse is observed only in the region where the nanotube overlaps with the graphene. (b) Variation in the photocurrent
determined from the map shown in the inset across the line joining points X and O. The dotted circles indicate the defect region,
which is tuned by the gate voltage. (c) Illustration of the local band bending caused by the presence of a defect region on the
nanotube. A defect on the nanotube causes band bending along the length of the nanotube. Two points (red and blue circles)
along a single defect region are drawn to illustrate the nonuniform interfacial electric field between the graphene and nanotube.
The photogenerated charge carriers are collected by the graphene electrode, thus providing a gate tunable photocurrent. (Data
from another device are available in the supplementary material.[21])
Although the field effect on the I-V characteristics re-
mains weak, the quantum efficiency of the photoresponse
of the graphene-WS2 hybrid devices is ∼ 1% at zero bias
voltage (see the supplementary material [21] for details
on quantum efficiency calculation). Fig. 4 shows the
photoresponse of the graphene contacted WS2 nanotube
device as a function of the gate voltage at 0 V bias volt-
age. We observe an inhomogeneous photoresponse along
the length of the nanotube at zero bias voltage. At 0 V
Vg we see that photocurrent is generated near the inter-
face between the graphene slit and the nanotube[2] as
well as at the nanotube ends. This finding hints at the
presence of band bending near the nanotube ends possi-
bly due to the capped end (see Fig. S1 in supplementary
material[21] for the TEM images).
As defects in the nanotube also modify the local elec-
tronic structure of the nanotube, we expect photocur-
rent generation where there is additional band bending.
This phenomenon is observed in Fig. 4 as the appear-
ance of an additional photocurrent spot with increas-
ing gate voltage.[42] These spots exhibit higher photore-
sponse than do other regions along the length of the
nanotube. Several experiments have probed the conse-
quences of such defects on the spatial variation of pho-
toresponse of nanostructures.[16, 33, 39, 40, 42, 43] In
these experiments, the effect of the defect is to create a
local hill, or a valley, in the potential landscape. The pho-
tocarriers are generated in the same material that carries
the charge carriers to the electrodes. This has the conse-
quence that on either side of the local potential maxima
and minima, the sign of the photocurrent changes as the
local electric field changes.
In our experiments, the photocarriers generated in the
WS2 nanotubes were extracted by the graphene elec-
trodes. The interfacial electric field between a defect
in the WS2 nanotube and the graphene results in the
transfer of charge carriers. Because of the variation of
the interfacial electric field across the span of the defect,
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FIG. 5. (a) Optical image of the device presented in Fig.
4. The locations of normal photocurrent (A) and a defect
site (B) are marked in the image. (b) Raman spectrum at
the site marked A (red curve) and the site marked B (blue
curve) in the image on the left for laser excitation at 532 nm.
The spectrum at site B exhibits a shift in the characteristic
Raman peak of the WS2 nanotube, possibly because of the
formation of a crack acting as a defect site (more data are
provided in the supplementary material.[21])
the photocurrent also exhibits a local peak. There was
no change in the sign of the photocurrent in our exper-
iments because the sign of the interfacial electric field
between the WS2 and the graphene did not change; how-
ever, its magnitude did change, reflecting a change in the
photocurrent. Similar spots of large photoresponse were
also seen in the work of Britnell et al.[1] Although the
microscopic nature of the inhomogeneous photocurrent
was not discussed in this reference, we believe that the
origin was similar in an analogous device structure.
One possible mechanism that could modify the pho-
toresponse is the modification of the workfunction of
graphene,[44] as this would result in a change in the
interfacial electric field. However, not all spots in the
spatial photoresponse map are modified as a function of
gate voltage. The absence of a uniform modulation of
the photoresponse suggests a more localized source away
from the graphene.
A recent study[45] reported enhanced photolumines-
cence in cracked regions of MoS2 monolayers caused by
the adsorption of oxygen in the sulfur vacancy regions
accompanied by blue-shift of the A1g mode in the Ra-
man spectrum. Similarly, we observed a blue-shift of
∼ 2 cm−1 in the A1g peak of the nanotube at the defect
site of the device (Fig. 5). The formation of these de-
fect regions could be attributable to the ultrasonication
of the nanotube solution or to the transfer process and
also supports the role of the defects in the enhanced pho-
toresponse observed in our graphene-WS2 devices. How-
ever, the resolution of our technique remains limited by
the spot size of the incident laser and does not provide
any direct insight regarding the microscopic nature of
the defects. The presence of localized defects in carbon
nanotubes[42, 43, 46] has been studied extensively in the
past, and similar defects are likely to exist in inorganic
TMDC nanotubes. Our measurement provides a method
of imaging defects in similar TMDC semiconductor sys-
tems.
In summary we fabricated hybrid devices using WS2
nanotubes and graphene that show good light matter
interaction. We observed spatially inhomogeneous pho-
toresponse in the nanotube and demonstrated a method
of detecting defects in WS2 nanotubes using graphene
contacts and scanning photocurrent microscopy. In ad-
dition to detecting defects we also observed a good ex-
ternal quantum efficiency (∼ 1%) and enhanced photo-
carrier collection at zero bias voltage in these hybrid de-
vices. The fabrication is simple and does not involve
any post-processing because of the robustness of both
graphene and WS2 nanotubes. The technique also al-
lows for integration, as WS2 nanotubes can be synthe-
sized in large quantities. The strong light matter inter-
action in dichalcogenide systems and ability of nanowire
based structures to concentrate light offer opportuni-
ties for fabricating improved photoactive devices using
dichalcogenide nanotubes.
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